Summary Juvenile growth and bud set phenology were analyzed to study the biological basis of heterosis (hybrid vigor) in interspecific hybrids of Populus tremuloides Michx. (T) and P. tremula L. (Ta). Growth, measured as seedling volume index, was significantly higher for each of the two reciprocal interspecific crosses, T × Ta and Ta × T, than for the T × T intraspecific cross. Broad-sense heritabilities were 2--6 times larger than narrow-sense heritabilities for growth and shoot components in the T × T intraspecific cross, suggesting an important role for dominance or overdominance in aspen growth. Previous genetic analyses have indicated that hybrid vigor may be the result of overdominance at several key loci each with an allele inherited from each of parental species. Internode length and leaf number contributed substantially to the heterosis of stem volume, but their effects on heterosis differed between the T × Ta and Ta × T hybrids. In T × Ta seedlings, heterosis of stem volume was attributed to a high diameter growth rate, whereas in Ta × T seedlings heterosis of stem volume was probably the result of delayed bud set resulting in a longer duration of height growth. In addition to internode number and length and leaf number, other morphological or physiological components might affect heterosis, for example, extended leaf retention.
Introduction
Interspecific hybrids of quaking aspen (Populus tremuloides Michx.) and European aspen (P. tremula L.) display superior growth compared to the progeny of intraspecific crosses (Heimburger 1936 , Einspahr and Benson 1964 , Melchior and Seitz 1966 , Heimburger 1968 , Zsuffa 1969 , 1973 . For this reason, artificial hybridization is considered to be one of the best means of improving productivity and wood quality (Zsuffa 1973 , Mohrdiek 1979a , Einspahr 1984 , Melchior 1985 ). To reduce the rotation age of aspen plantations, long-term breeding strategies that are based on interspecific hybridization have been proposed (Li and Wyckoff 1991, Li 1995) .
The two major hypotheses that have been forwarded to explain the genetic basis of heterosis are the dominance and overdominance effects (Falconer 1989) . The dominance hypothesis infers that heterosis is caused by the suppression of deleterious recessives from one parent by dominant alleles from the other parent in the heterozygous F 1 . The overdominance hypothesis suggests that a heterozygous combination of the alleles at a single locus is superior to either of the homozygous combinations of the alleles at that locus. Evidence for each of these two hypotheses has been found in various organisms, especially annuals and self-pollinators, through molecular genetic approaches (Stuber et al. 1992 , Bradshaw and Stettler 1995 , Mitchell-Olds 1995 , Xiao et al. 1995 and biometric approaches Jones 1958, Mather and Jinks 1982) . The genetic basis of heterosis in forest trees is often complicated by the long-lived, outcrossing nature of trees. To overcome this problem, a quantitative genetic approach was developed to analyze the genetic causes of heterosis in hybrid aspen (Li and Wu 1996) . Analyses based on this genetic model suggest that heterosis of F 1 hybrids between P. tremuloides and P. tremula may result from overdominance.
Although overdominance may help to explain the genetic basis of aspen heterosis, it provides no information about the physiological basis of heterosis. Growth is an integrated process that involves various morphological, physiological, and biochemical components that are each regulated by different genetic factors. Because of their fast growth, pronounced genetic variation, and ease of crossability, species of Populus (including aspens, cottonwoods, and poplars) provide a model for studying heterosis in forest trees (Isebrands et al. 1988 , Hinckley et al. 1989 , Drew and Chapman 1992 . In F 1 hybrids of P. trichocarpa Torr. & A. Gray and P. deltoides Bartr. ex Marsh., for example, several morphological, anatomical, and physiological components of heterosis have been documented (Hinckley et al. 1989) . Traits that contribute to heterosis include the size of leaf cells, the number of cells per leaf, leaf area, the duration of leaf retention, branch structure, canopy photosynthesis, rooting capacity, and hormone concentration. Heterosis of Populus may result from the functional complementation of growth processes through the acquisition of different traits from the two parental species (Stettler et al. 1988) . Heterosis for leaf size and, therefore, stem growth may result from the inheritance of a large number of cells per leaf from P. trichocarpa and a large cell size from P. deltoides (Ridge et al. 1986 ). Bradshaw and Stettler (1995) have used a molecular genetic approach to identify several major quantitative trait loci (QTLs) that influence the complemental relationship of the two parental species.
Because these types of studies have not been undertaken in aspens, we initiated a study to explore the genetic and physiological bases of heterosis in F 1 hybrids of P. tremuloides and P. tremula. Previously, we suggested that overdominance might be an important genetic cause of heterosis in poplar (Li and Wu 1996) . However, many fundamental questions regarding the genetics of heterosis are still unclear. For example, what are the physiological components underlying heterosis? How is each of the components controlled by genetic factors? How much can heterosis be enhanced by each of these components? To answer these questions, we have made detailed measurements of growth during the first and second growing seasons and related these measurements to the superior volume production of F 1 hybrids. Specifically, we examined the relationship between heterosis and various components of shoot growth, i.e., shoot growth rate, leaf area, and bud set phenology.
Materials and methods

Controlled crosses and seedling assessments
Controlled crosses were made among eight trees of P. tremuloides (T) and seven trees of P. tremula (Ta) from the aspen breeding program at the University of Minnesota (Table 1) . The T parents originated from the upper peninsula of Michigan and northern Wisconsin, whereas the Ta parents originated from east Prussia and Germany (Table 1) . A total of 39 full-sib families were produced from three subfactorial matings: one intraspecific mating (T × T) and two interspecific matings (T × Ta and Ta × T) (Li and Wu 1996) . No intraspecific crosses were made for P. tremula because not enough flowers were available.
Seeds were germinated in a greenhouse in 2.5-cm 3 containers filled with peat in April 1993. The seedlings were transplanted to 25-cm 3 styroblock containers in May and grown outside in the natural photoperiod in Grand Rapids, MN (47°14′ N, 93°31′ W) in a randomized complete block design with 10 replicates and 11 seedlings per replication. Throughout the study, the seedlings were watered and fertilized as needed. For each seedling, total stem height, root collar diameter, number of internodes, and number of living leaves were measured weekly from July 9 to September 15. For each plot, the number of trees that had a terminal bud was recorded weekly from August 4 to October 10. A terminal bud was recorded if the stipules of the youngest foliage leaves covered the shoot apex.
In May 1994, 60 seedlings per family were transplanted to a field test near Rhinelander, WI (45°40′ N, 89°25′ W) at a spacing of 3.1 × 3.1 m. The field trial was a randomized complete block design with 10 replicates and six seedlings per replication in row plots. For each plot, we recorded the number of trees with a terminal bud on August 29 and September 15. Total stem height and root collar diameter were measured for each tree at the end of the growing season in October.
A volume index was calculated for each tree by multiplying stem height by the square of the root collar diameter. Mean internode length was determined by dividing stem height by the number of internodes. The percentage of trees with a terminal bud was calculated for each plot and the timing of bud set was estimated as the date on which 50% of the trees had set terminal bud. This date was estimated for each plot by interpolation from the weekly bud set data.
Data analyses
Heterosis (or hybrid vigor) is defined as the degree of superiority of F 1 hybrids over the mean value of the two parents or the better parent. In this study, heterosis over the intraspecific cross of P. tremuloides was calculated because the intraspecific cross of P. tremula was not available. Our estimate of heterosis based on the P. tremuloides parent fits the definition of heterosis (Li and Wu 1996 , see also in Discussion), because it has been shown that the intraspecific cross of P. tremula displays similar growth or less growth than that of P. tremuloides (Pauley et al. 1963a , unpublished data by the Aspen Genetics Program, University of Minnesota, St. Paul, MN).
Genetic parameters were estimated for each trait and type of cross (i.e., T × T, T × Ta, and Ta × T) by analyses of variance and covariance. For traits that were measured on an individual tree basis (i.e., stem height, root collar diameter, volume index, internode number, internode length, and leaf number), the following statistical model was used: where Y ijk is the observation for the kth seedling in the jth full-sib family in the ith replicate; µ is the population mean; R i is the effect of the ith replicate; F j is the effect of the jth family; FR ij is the interaction of the ith replicate and jth family; and E ijk is the residual error. For those traits that were measured on a plot-mean basis (i.e., bud set percentage and the timing of bud set), the following statistical model was used:
where Y ij is the observation for the jth full-sib family in the ith replicate; µ, R i and F j are as described above; and E ij is the residual error.
To analyze the genetic architecture of intraspecific crosses (T × T), the full-sib family effect was further partitioned into general combining ability (GCA) and specific combining ability (SCA) effects based on the following model:
where F j is the effect of the jth full-sib family; G m and G n are the GCA effects due to the mth male and nth female parents, respectively; and S mn is the effect due to the female × male SCA. All effects in these models were considered random. Components of variance and covariance due to various effects were estimated by the PROC GLM software package (1988; SAS Institute, Cary, NC). Assuming no epistasis between loci, the additive (V A ) and dominant genetic variances (V D ) for the T × T subfactorial mating were estimated as:
where V GCA/F and V GCA/M are the components of variance for the female and male GCA effects, respectively; and V SCA is the component of variance for the SCA effects. Narrow-and broad-sense heritabilities on either an individual tree or plotmean basis were estimated as described by Falconer (1989) . Full-sib family correlations were calculated for each of the three crosses, T × T, T × Ta, and Ta × T, by the equation:
where Cov F (x, y) is the full-sib family covariance component for traits x and y; and V F (x) and V F (y) are the corresponding full-sib family components of variance. This method of calculating genetic correlations eliminates the confounding effect caused by replicate differences.
Results
Heterosis
The interspecific crosses of P. tremuloides (T) and P. tremula (Ta) displayed superior growth over the intraspecific cross of P. tremuloides, during the first 2 years of growth (Li and Wu 1996) . Although the two reciprocal crosses had similar heterosis in volume index at the end of the first year (33%), heterosis was larger in T × Ta seedlings than in Ta × T seedlings during the early and middle stages of the first growing season ( Figure 1A ). Differences in heterosis between the two interspecific crosses were found for two components of stem volume, height and diameter. The T × Ta hybrids had consistently larger stem diameters than the Ta × T hybrids throughout the growing season ( Figure 1B) . In contrast, a strong ''cross-over'' was observed in stem height growth between the two interspecific crosses during the middle of the growing season (August 5--18) ( Figure 1C ). After the ''cross-over,'' Ta × T seedlings exhibited more stem height growth than T × Ta seedlings. Of the two components of stem height, there were no significant differences in internode number between the three crosses ( Figure 2A ), whereas internode length showed a similar pattern of ''cross-over'' to stem height ( Figure 2B ), i.e., Ta × T hybrids had greater internode length than T × Ta hybrids after August 18.
In the first year, the two interspecific crosses exhibited pronounced heterosis in the number of living leaves per plant and the effect increased over the growing season ( Figure 2C ). From the middle (August 5) to the end of the growing season (September 15), leaf number showed increased heterosis.
The timing of bud set and the percentage of trees forming buds in the field trial varied significantly among crosses, and heterosis of both traits differed between the two interspecific crosses (Figure 3 ). On average, bud set was 6 days later for Ta × T trees than for T × T trees, but 3 days earlier for T × Ta trees than for T × T trees in the first year ( Figure 3A) . From the middle to the end of the growing season, fewer Ta × T trees set buds than T × Ta trees, and the intraspecific cross, T × T, was intermediate between the two interspecific crosses. Similar trends were observed in the second year but the differences among the crosses were greater than in the first year (Figure 3B) .
Heritabilities
Heritabilities were estimated only for the intraspecific cross of P. tremuloides, because the traditional heritability analysis cannot deal with interspecific crosses. In the first year, narrowsense heritabilities (h 2 ) for all traits except bud set ranged from 0.10 to 0.20, with no large differences among the traits (Ta- ble 2). However, in the second year, stem height showed an increased h 2 value, whereas h 2 values for stem diameter and stem volume index were not significantly different from the first year values. In both years, broad-sense heritabilities (H 2 ) for growth and shoot components were high, with H 2 values 2--6 times larger than narrow-sense heritabilities, indicating an important role of dominance or overdominance in the control of these traits.
The timing of bud set and the percentage of trees that set buds in the middle of the growing season were strongly inherited, with the h 2 values on the plot-mean basis ranging from 0.55 to 0.70 (Table 2) . Because the H 2 values were only slightly larger than the h 2 values, the dominance effect on these two phenological traits was small. The degree and nature of genetic control over bud set phenology were quite stable across different years.
Correlations among traits
Family correlations were calculated between growth and shoot components measured at different stages of the first year (Table 3). These correlations were generally larger in the intraspecific cross (T × T) than in the interspecific crosses (T × Ta and Ta × T). In both types of crosses, internode number was correlated with stem height and stem diameter at different periods of the growing season. However, the relationships between internode length and stem growth decreased during development, whereas the correlation between number of leaves and stem growth increased during the growing season. Both of these trends were more evident for stem diameter growth than for stem height growth and more evident in the interspecific crosses than in the intraspecific cross. Late in the growing season, there was no relationship between internode length and stem diameter growth in the interspecific crosses.
The impact of bud set on current-year growth differed between the intra-and interspecific crosses and between years (Table 4 ). In the intraspecific cross, T × T, bud set was negatively correlated with stem height growth and stem diameter growth, and the correlations decreased slightly over the first growing season. Bud set was significantly negatively correlated with stem height growth, but it was not significantly correlated with stem diameter growth in the Ta × T hybrids. In the T × Ta hybrids, the correlations between bud set and both stem height growth and stem diameter growth were not significant at any stage. Similar patterns were observed for the relationships between timing of bud set and stem growth for the three crosses. By Year 2, bud set was not correlated with stem growth, although it was weakly correlated with stem diameter in the T × Ta hybrid (Table 4) .
Discussion
Hybrid vigor for juvenile stem volume was strong for the interspecific crosses between P. tremuloides and P. tremula compared to the parental species of P. tremuloides (Li and Wu 1996) . The comparison of heterosis was based on the intraspecific cross of P. tremuloides, because the intraspecific cross of P. tremula was not available in this study. However, results from previous studies indicate that the intraspecific cross of . For example, in a 10-year-old study in Wisconsin based on means of five families per cross-type, similar growth was observed between the intraspecific crosses of Ta × Ta (means of 7.6 m for height and 6.4 cm for DBH) and T × T (means of 7.3 m for height and 6.1 cm for DBH), whereas the two reciprocal interspecific crosses, Ta × T and T × Ta, showed significantly greater growth than the intraspecific crosses, which had mean values of 9.9 m and 8.6 cm and 10.3 m and 9.9 cm for height and DBH, respectively (unpublished data, the Aspen Genetics Program at the University of Minnesota). Another study by Pauley et al. (1963a Pauley et al. ( , 1963b showed that P. tremula from the high latitudes of Europe performed poorly in the Lake States, compared with the interspecific hybrids and the pure P. tremuloides cross (cf. Johnsson 1976 , Mohrdiek 1979b . In a study in Germany, superiority in volume growth for P. tremula × P. tremuloides hybrids ranged from 150 to 220% over the pure P. tremula cross (Melchior 1985) . Previously, we found that the interspecific hybrids between these two species displayed over 33--600% more volume growth than the intraspecific cross of P. tremuloides, during the first 3 years of growth (Li and Wu 1996) . Such strong heterosis is in agreement with estimates reported in previous studies (Pauley et al. 1963b , Johnsson 1976 , Mohrdiek 1979a , 1979b , Einspahr 1984 , Melchior 1985 . Although heterosis is well documented in aspen, its genetic causes are unknown. The traditional quantitative genetic method cannot estimate the components of genetic variance in interspecific crosses because of possible violation of genetic assumptions, e.g., the same allelic system between species. By using a novel quantitative genetic model based on an intra-and interspecific factorial mating design between P. tremuloides and P. tremula, we found evidence that heterosis was the result of the overdominance interaction of two alleles each from an aspen parental species at a homological locus (Li and Wu 1996) . The prevalent dominance effect on aspen growth and development is consistent with results from the traditional quantitative analysis of the intraspecific hybrid progenies in P. tremuloides. In the present study, we found that broad-sense heritabilities including the additive and dominance effects, were 2--6 times larger than narrow-sense heritabilities including only the additive effect.
Both height and diameter growth were important components of volume growth. The height and diameter growth superiority of the hybrids was evident in the first growing season and persisted in the field. The hybrids had greater growth rates throughout most of the first growing season than did the crosses of pure P. tremuloides. Among other morphological traits, elongation of stem units and leaf production were the most important traits that differed between the inter-and intraspecific crosses ( Figures 1A, 2B and 2C) .
We obtained some evidence that different biological mechanisms, both of which are under strong developmental control, might underlie heterosis of the two reciprocal interspecific crosses. Although T × Ta seedlings had a superior volume index over Ta × T seedlings during the early and late growth periods of the first year, the two crosses tended to have the same degree of heterosis at the end of the year ( Figure 1A ). In T × Ta hybrids, heterosis of total volume was mainly a result of an enhanced rate of stem diameter growth ( Figure 1B) . In contrast, in Ta × T hybrids, heterosis of total volume was Table 4 . Family correlations among stem height and root collar diameter versus bud set date and the percentage of trees which forms buds measured at different stages during the first and second growing seasons in the intra-and interspecific crosses of aspen (Populus tremuloides = T, P. tremula = Ta). Data for October 10 are excluded because all trees had set bud by this date.
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Height Diameter Figure 1C ). Component analysis indicated that height growth of Ta × T seedlings late in the growing season was determined more by elongation of the stem units than by their number, indicating that internode extension in Ta × T seedlings late in the growing season benefited from the high leaf retention during this period (Figure 2C) . Although the reciprocal effect could not be properly analyzed because of the dioecious nature of aspen species, delayed bud set in the Ta × T hybrid relative to the T × Ta hybrid may indicate the importance of maternal control over phenological traits, given the similar geographic origins of the parents of the two reciprocal crosses. The parents of P. tremula (Ta) originated from high latitude regions in Europe (Table 1 ) and were grown in central Germany for many years before they were used for crosses in the Lake States. Thus, although growing trees that originated from high latitudes at low latitudes would result in early height growth cessation (Pauley and Perry 1954) , the Ta parents may have adapted to the lower latitude of central Germany by selecting ''lateness'' genes for bud set. The maternal effect on bud set phenology can also be inferred from the similar timing of bud set in the T × Ta and T × T trees, which both share the same female parents.
There were stronger correlations between growth traits and internode number, internode length and leaf number in the intra-than in the interspecific crosses of P. tremuloides and P. tremula (Table 3 ), indicating that the strong heterosis of growth in the interspecific crosses may also be the result of other morphological components that were not analyzed in this study. The influences of the growth component traits on heterosis changed during the growing season. In the interspecific crosses, internode number predicted growth during the entire growing season; however, the growth traits displayed decreased correlations with internode length and increased correlations with leaf number over the growing season, indicating the importance of a long leaf life span. In 2-year-old balsam poplar, Riemenschneider et al. (1992) also found that leaf number was closely correlated with stem growth.
The phenological traits had a different inheritance mode from the growth and shoot components. Bud set date and the percentages of trees with buds are under strong additive genetic control, with narrow-sense heritabilities of 0.55--0.70 that are stable over years (Christophe and Birot 1979 , Rehfeldt 1983 , Li and Adams 1993 . In the first year, bud set date significantly affected stem height and diameter growth in the intraspecific cross of P. tremuloides, as indicated by the large negative correlations (Table 4) . We conclude that early bud set and a high percentage of trees forming buds both limit stem growth of the pure cross. The relationships between bud set date and growth differed in the two interspecific crosses of P. tremuloides and P. tremula. Bud set limited stem height growth in the Ta × T hybrid, but it had no effect on stem height or diameter growth in the T × Ta hybrid. Correlation analysis indicated that the strong heterosis expressed in the Ta × T hybrid was associated with an extended stem height growth period as a result of delayed bud set, whereas it was associated with enhanced stem diameter growth in the T × Ta hybrid. However, by the second year, no significant relationship was found between bud set and stem growth in either the intra-or inter-specific crosses, perhaps indicating a developmental change in the biological basis of heterosis.
Delayed bud set in the Ta × T hybrids may result in an increase both in damage by fall frosts and winter injury (Rehfeldt 1979, Li and Adams 1993) , especially in northern Minnesota and Wisconsin. Long-term field studies are needed to determine whether growth vigor of the Ta × T hybrids is related to delayed bud set. If bud set phenology is related to the geographic origins of the parents, it might be possible to select parents that produce frost hardy hybrids. Use of local quaking aspen parents as the female parent in intraspecific crosses may also improve frost hardiness of the hybrids.
The hybrid vigor observed in this study and reported by others (Johnsson 1956 , Melchior and Seitz 1966 , Einspahr 1984 , Melchior 1985 ) suggests that interspecific hybridization should be an effective tool in aspen growth improvement. Furthermore, the strong heterosis and large variation among hybrid combinations support the modified full-sib reciprocal recurrent breeding strategy proposed by Li and Wyckoff (1991) .
